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Abstract 
Submarine hulls and offshore structures are subject to cyclic stresses in sea-water, and data on crack growth rates are required for 
predicting the lives of such structures. The corrosion-fatigue crack growth rate of a cathodically protected, high-strength low-
alloy steel weld metal (yield strength 700–900 MPa) has been measured as a function of cycle frequency at several constant ¨K
values. The fatigue crack growth rates increase in a sigmoidal fashion with increasing rise-time of the load cycles, with (i) the
inflection points of the sigmoidal curves for different ǻK all falling on a common line, and (ii) the gradient at the inflection 
points having the same value for each ¨K. Previously published models for predicting effects of cycle frequency on crack growth 
rates do not properly account for the data. A new model, based on synergistic interactions between the environment and 
deformation during loading, has been formulated. The new model, which has some elements of previous models, produces a 
good fit to the experimental data, not only for the weld metal but also for other steels of similar strengths. 
Keywords: corrosion fatigue; cycle frequency; rise-time; modelling; high-strength steel; welds; cathodic protection 
1. Introduction 
Corrosion fatigue of steels in aqueous environments is of particular interest in regard to predicting the lives of 
submarines and offshore structures, where the main sources of cyclic stress are the diving cycles and wave action, 
respectively [1,2]. Important variables affecting corrosion-fatigue crack growth rates are the stress-intensity-factor 
range (¨K), R-ratio, electrochemical potential, environment, and cycle frequency (or more specifically the rise-time 
of the loading cycle, since crack growth generally only occurs during loading [3]). At intermediate ¨K levels, the 
strength and microstructure of steels (with strengths in the range of 350–800 MPa) appears to have little influence 
on fatigue crack growth rates (da/dN) in air and aqueous environments [4]. 
Typical plots of da/dN versus ¨K for corrosion-fatigue and fatigue in air are shown in figure 1a. Corrosion-
fatigue crack growth rates increase with increasing levels of cathodic protection and, at intermediate ¨K and low 
cycle frequency, they are typically about twice the crack growth rates in air at open-circuit potential (approximately 
í700 mV(SCE)) and ten times the crack growth rates in air at í1050 mV(SCE) [5]. At low ¨K values (approaching 
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threshold values), crack growth rates in aqueous environments can be higher, lower, or about the same as those in 
air, depending on the extent of crack-closure (which is dependent on variables such as R-ratio, environment, and 
potential, including enhanced crack closure due to oxide build-up on the fracture surfaces of a crack) (Fig. 1a). 
Detailed studies of the effect of rise-time on corrosion-fatigue crack growth rates at an intermediate ¨K value 
(23 MPa¥m) for a cathodically protected steel have shown that there are three distinct regions [5]: There is (i) little 
effect at short rise-times (0.02–0.2 s), where crack growth rates trend towards the rate in air with decreasing rise-
times, (ii) a marked effect at intermediate rise-times (0.2–2 s), where rates increase by about an order of magnitude, 
and (iii) little or no effect for long rise-times (5–3000 s) (Fig. 1b). At low ¨K values (9.9 MPa¥m), rise-times had 
little or no effect on crack growth rates for the whole range of rise-times used (0.08–25 s) (Fig. 1b). 
Figure 1. (a) Schematic of a da/dN versus ¨K plot for a steel in air and cathodically protected in sea-water showing a plateau at intermediate ¨K
and the effect of crack closure on threshold values for corrosion fatigue. (b) The effect of rise-time on corrosion-fatigue crack growth rates for 
API-2H and 4130 steel immersed in aqueous 3 wt.% NaCl solution with an electrochemical potential of −1000 mV(SCE) [5,6]. 
The effects of rise-time on crack growth rates in cathodically protected steels are almost certainly associated with 
hydrogen-assisted cracking [7]. Longer rise-times allow greater extents of hydrogen generation (by reduction of 
water molecules) at crack tips, higher surface coverages of ‘adsorbed’ hydrogen (on crack-tip surfaces and between 
the first few atomic layers), and accumulation of higher concentrations of hydrogen at various sites ahead of cracks. 
A number of mechanisms of hydrogen-assisted cracking have been proposed including (i) adsorption-induced 
dislocation-emission (AIDE), (ii) hydrogen-enhanced decohesion (HEDE), and (iii) hydrogen-enhanced localized 
plasticity (HELP) [8]. Combinations of mechanisms could well occur, with different mechanisms predominating in 
different circumstances [8]. However, there is little consensus regarding which mechanism predominates for 
particular materials and conditions. 
A number of different models have been formulated to try to predict the effects of rise-time on corrosion-fatigue 
crack growth rates, such as the ‘superposition’ model [9] and the ‘process competition’ model [10]. For example, for 
the former (revised version) [11,12], it was proposed that the overall crack growth rate, (da/dN)total, was equal to the 
sum of three terms: 
( ) ( ) ( ) ( )SCCcfairtotal dNdadNdadNdadNda //// ++=  (1) 
The first term is the crack growth rate in air, where hydrogen-assisted cracking is not significant. The second term is 
a synergistic one describing interactions between the environment and deformation during loading. This synergistic 
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]
term depends on the rise-time (trise), a surface-reaction rate constant, kc , and the crack growth rate of the ‘saturated’ 
value at long rise-times, (da/dN)sat , via the relationship: 
( ) ( ) ( )[ ] [ )exp(1/// risecairsatcf tkdNdadNdadNda −−×−=  (2) 
The third term in equation 1, (da/dN)SCC, attempts to encompass a contribution from stress corrosion cracking 
(SCC), from a knowledge of SCC crack-velocity versus K data, and an integration procedure to account for times at 
various K values during fatigue loading. 
In the present paper, the effects of rise-time on corrosion-fatigue crack growth rates have been determined for a 
steel weld metal (yield strength 700–900 MPa) for a range of constant ¨K values from 25 to 55 MPa¥m at R=0.5 in 
sodium-chloride solution—conditions where crack-closure effects should not be significant. Tests were carried out 
over a range of applied potentials, but only data at a potential of í1050 mV(SCE), which can occur for structures 
protected by zinc anodes, are reported here. Weld metal was tested because cracks are more likely to initiate at weld 
defects and grow in the weld than in the parent plate for welded structures. Aims of the work were to determine (i) 
the effect of rise-time on corrosion fatigue for this particular weld metal, (ii) whether the corrosion-fatigue 
behaviour for this particular weld metal was similar to that for other steels, and (iii) if previously proposed models 
for predicting the effect of rise-time could be applied to this weld metal. 
2. Materials 
Large plates (35 mm and 60 mm thick by approximately 1 m long by 1 m wide) of a quenched and tempered 
micro-alloyed high-strength low-alloy steel (BIS812EMA) were welded using a manual-metal-arc process and an 
E12018-M2 consumable (0.04C, 3.67Ni, 1.55Mn, 0.26Mo, 0.20Si, 0.03Cr, 0.01P, 0.01V, 0.008S, balance Fe 
(wt. %)) [13]. A range of welding parameters (heat-input, pre-heat temperature and interpass temperature) was used. 
The resulting weld metal had yield strengths ranging from 720 MPa to 900 MPa, with particular welds having a 
narrower range of strengths, e.g., 800±30 MPa. Polished and etched sections through the weld showed a fine-scale 
acicular ferrite microstructure (Fig. 2a). Standard Compact Tension (CT) specimens, 10 mm thick and 50 mm wide, 
were machined from the specimen plates such that crack growth would occur through the undiluted weld metal at its 
centre line. The CT specimens were orientated so that crack growth would occur either parallel or perpendicular to 
the weld beads (Fig. 2b). 
Figure 2. (a) Optical micrograph of polished and etched section of the weld metal showing an acicular ferrite microstructure. (b) Schematic 
diagram of the test plate showing the orientation of the CT specimens relative to the weld. 
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3. Testing Procedure 
The ASTM Standard E647-08 procedure [14] was followed to determine the fatigue crack growth data, with 
crack-length measurements made using the compliance technique. The CT specimens were tested in computer-
controlled servo-hydraulic testing machines. These machines were orientated horizontally so that the part of the 
specimen to be cracked could readily be immersed in an aqueous 3.5 wt.% NaCl solution (at 22±3°C) contained in a 
test cell. Aqueous sodium chloride was used instead of sea-water to prevent crack-closure effects owing to 
calcareous deposits, and the aqueous sodium-chloride solution was dosed to give the same pH as sea-water. 
3.1. Electrochemical Test Conditions 
The aqueous 3.5 wt.% NaCl solution was continuously aerated to saturate it with dissolved oxygen. The pH was 
held constant at 8.2±0.1, by adding aqueous NaOH when required. The conductivity was also held constant by the 
controlled addition of distilled water. The pH and conductivity were both controlled using automated dosing 
systems. The solution was circulated between the test cell (~5 L) and a reservoir (~20 L) at a rate of 5 L/min, and the 
test solution was replaced once a week. An electrochemical potential of −1050 mV(SCE) was applied to the CT 
specimens using a potentiostat, Luggin capillary, saturated calomel reference electrode (SCE) and large Pt counter-
electrodes. The corrosion-fatigue crack growth data presented in this paper were obtained after pre-cracking in 
solution at í1050 mV(SCE) for at least 48 h, such that a ‘steady-state’ crack growth rate was obtained, i.e. hydrogen 
would have had time to diffuse into the specimen interiors (from the sides and the crack tip). 
3.2. Mechanical Test Conditions 
A positive sawtooth waveform with a 9:1 rise-time to fall-time ratio was mostly used during testing. Since it is 
known that fatigue crack growth rates for steels in aqueous environments depend directly on rise-time [3], the use of 
a positive sawtooth waveform enabled faster testing compared with a symmetrical waveform. However, a sinusoidal 
waveform was used when the rise-time was less than 0.5 s. The cycle frequencies ranged from 4 Hz to 0.002 Hz. 
The specimens were tested at constant ǻK values of 25, 30, 45 and 55 MPa¥m, with a stress ratio of R = 0.5. 
4. Results 
There was little influence of weld metal yield strength (720–900 MPa) or CT specimen orientation on the crack 
growth rates. On a macroscopic scale, crack fronts across the corrosion-fatigue specimen were fairly straight (except 
for the usual curvature associated with the change from plane stress conditions at the surface to approximately plane 
strain conditions away from the surface). The fracture-surface roughness varied somewhat in bands parallel to the 
crack growth direction, corresponding to the different weld beads (Fig. 3a). Some of the bands showed some 
intergranular facets, but the fracture surface was predominantly transgranular for all the ¨K values, cycle 
frequencies, and weld metal strengths used. On a microscopic scale, the corrosion-fatigue fracture surfaces had a 
cleavage-like, faceted appearance, and faint fatigue striations were occasionally visible (Fig. 3b). 
A plot of da/dN versus rise-time for the weld metal for four constant ¨K values is shown in figure 4, where 
sigmoidal curves have been drawn through the data points. The data points displayed on the plot are average values 
of steady-state crack growth rate. Significant features of the sigmoidal curves are (a) the curves are systematically 
displaced upwards and further to the right for higher constant ǻK values, (b) the gradient at the inflection points of 
each of the four sigmoidal curves is the same, and (c) the inflection points all fall on a common transition line. At 
short rise-times, the corrosion-fatigue data trend towards the crack-growth-rate value in laboratory air. 
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Figure 3. (a) Macrograph of the fracture surface of a CT specimen tested in 3.5 wt.% NaCl solution at í1050mV(SCE), R=0.5 from 18 to 
30 MPa¥m. The individual welding passes are parallel to the direction of crack propagation. (b) SEM fractograph showing a cleavage-like facet 
(¨K=30 MPa¥m). 
Figure 4. The effect of rise-time (cycle frequency) on corrosion-fatigue crack growth at constant ¨K in weld metal: The test conditions are 
specified on the figure except for the data points for fatigue in air, which were obtained from separate tests (R=0.5, sinusoidal waveform, 1 Hz to 
4 Hz). The transition line is discussed in the text. 
5. Analysis and Discussion 
5.1. Comparison with Previous Rise-time Data 
The effect of rise-time on corrosion-fatigue crack growth rates at ¨K=25 MPa¥m was remarkably similar to 
equivalent data for an A710 steel at a ¨K value of 23 MPa¥m and at a somewhat less negative potential and a lower 
R-ratio (0.1) (Fig. 5). For an API-2H steel, the plot of da/dN versus rise-time for ¨K=23 MPa¥m had the same 
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(sigmoidal) shape as the weld metal and A710 steel, but had lower values of da/dN in air and the saturated da/dN. 
Note that three linear regimes were shown for the data points for the A710 and API-2H steels in the original work 
[5,6,15], whereas sigmoidal curves were fitted in the present work for the weld metals and these other steels since 
they fit the data just as well (or better) and, moreover, are amenable to mathematical analysis. Interestingly, the 
inflection points of the sigmoidal curves, and the slope at the inflection points, for the A710 and API-2H steel (at 
23 MPa¥m) fall on the common transition line for the weld metal for different ¨K values. For the API-2H steel and 
4130 steel tested at a ¨K value of 9.9 MPa¥m, all the data points fall to the right of the transition line and show no 
dependence on rise-time, suggesting that a ‘saturated’ hydrogen concentration had been achieved under these 
conditions. However, a transition towards the data point for fatigue in air could well have occurred at the common 
transition line if data had been obtained at shorter rise-times, as shown in figure 5. 
Figure 5. A comparison of the da/dN–rise-time data for E12018-M2 weld metal with fatigue crack-growth-rate data for other steels [5,6,15]. The 
crack-growth-rate data for API-2H and 4130 steel at a ¨K value of 9.9 MPa¥m have been ‘interpolated’ between the air data and ‘saturated’ 
corrosion-fatigue data. 
5.2. Attempts to Fit Data to Previous Models 
Attempts to account for the effects of rise-time on corrosion-fatigue crack growth rates in terms of the 
superposition model outlined in the introduction (equation 1) were not completely successful. The model does 
predict sigmoidal curves for da/dN versus rise-time data, but does not predict a common transition line or a common 
slope of the sigmoidal curves at the inflection points. In addition, contributions from SCC during corrosion fatigue 
can probably be discounted for the weld metal, since only a few regions of intergranular SCC were observed along 
parts of fatigue pre-crack fronts during sustained-load tests at very high K values, and these regions were generally 
observed only for weld metal with strength levels approaching the maximum obtained with the welding conditions 
used. For corrosion fatigue, there was no difference in crack growth rates for the different strength levels, and 
generally only isolated intergranular areas were observed. There are also other more fundamental objections for 
including a sustained-load SCC term in modeling (rising load) corrosion fatigue data. Compared with previous 
models, a better fit to the present data (and some previous data) for corrosion fatigue was obtained from a purely 
synergistic model. 
5.3. A Purely Synergistic Model 
The sigmoidal curves can be described by a generalized logistic equation (equation 3) [16]: 
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]}( )[ ] ( )[ ] ( )[ ] ( )[{ α//log/log/log/log airsatairtotal dNdadNdadNdadNda −+=  (3) 
where (da/dN)sat is the ‘saturated’ value of da/dN at long rise times, and α is a parameter that is a function of rise-
time (equation 4). In equation 4, B is a surface-reaction rate constant and m is the value of the rise-time at the 
inflection point of the sigmoid.  
([ mtB rise /logexp1 −+= )]α (4) 
Equation 3 can be simplified to give equation 5.  
α/1])//()/[()/()/( airsatairtotal dNdadNdadNdadNda ×=  (5) 
Note that the [(da/dN)sat/(da/dN)air]1/Į term in equation 5 is similar to the synergistic term in the superposition 
model, but this term is multiplied by the (da/dN)air term in the purely synergistic model, not added to the (da/dN)air
term as in the superposition model. Note also that this purely synergistic model is applicable at intermediate to high 
¨K levels—not near ¨K thresholds. 
The common transition line for the sigmoidal curves at different ¨K values for the weld metal (Fig. 4) is related 
to the combined effects of (i) shifting the lower asymptotes (approaching da/dN air values) upwards to higher crack 
growth rates at higher ¨K values (according to the linear Paris regime for air data), and (ii) a systematic 
displacement of the curves to the right (longer rise-times) with increasing ¨K. This shift towards longer rise-times 
occurs because (i) there is a tendency for environmental effects to become significant at a critical crack growth 
velocity (da/dt), and (ii) increases in ¨K values result in larger areas of new surface forming per cycle during 
loading, such that it takes a longer time to achieve a critical hydrogen concentration per unit surface area for a given 
da/dt. Further increases in rise-time (hence decreases in da/dt) eventually causes the environmental effects to 
‘saturate’. For a given rise-time, the dK/dt values (and hence da/dt) obviously increase with increasing ¨K. 
Increasing synergistic environmental effects with decreasing da/dt values would also obviously be expected if 
kinetics were controlled by surface reactions, as mentioned in the introduction. 
5.4. Prediction of da/dN: ¨K Plots and Plateau Crack Growth Rates 
The observation that the inflection points of the sigmoidal curves fall on a common transition line (Fig. 4) 
accounts for the general shape of corrosion-fatigue da/dN–¨K plots. Seven sigmoidal curves for different constant 
¨K values (equally spaced along the log scale) are shown on a da/dN–rise-time plot (Fig. 6a). For the rise-time 
indicated, da/dN initially increases from position 1 to position 2 with increasing ¨K, since da/dN values are to the 
right of the transition line, i.e. da/dt values are sufficiently low that hydrogen concentrations are saturated and there 
is little effect of rise-time on da/dN. Close to the transition line, in the regime where da/dN is very dependent on 
rise-time, the four sigmoidal curves almost touch (for reasons explained previously), and da/dN increases only 
marginally from position 3 to position 6, i.e. there is effectively a plateau in the da/dN–¨K plot (Fig. 6b). At higher 
¨K values, (left of the transition line), da/dt values become too high for significant environmental interactions, so 
that da/dN values approach the da/dN air values, and increase with increasing ¨K accordingly (position 7). Thus, the 
‘plateau’ observed in corrosion-fatigue da/dN versus ¨K plots is not related to the plateau in crack velocity versus K 
plots for SCC. In other words, corrosion-fatigue plateaux do not result from a superposition of corrosion-fatigue and 
SCC data. 
It should also be apparent from figure 6 that plateau crack growth rates should occur at lower da/dN values for 
shorter rise-times, and data show that this is the case, e.g., for a X65 steel (Fig. 7). Moreover, predictions of the 
crack growth rates for cathodically protected X65 steel can be made based on the determination of the coefficients in 
equation 3 for each sigmoidal curve, i.e. each curve obtained at a particular constant ǻK value, which allows the 
total crack growth rate to be predicted for any cycle frequency (Fig. 7). The value of (da/dN)sat for various ¨K
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values can be determined or inferred from experimental data. The constants, B and m, are then calculated by 
ensuring that (i) the gradient at the inflection points of the resulting sigmoids is the same as the gradient of the 
transition line, and (ii) the inflection points of the resulting sigmoids fall on the common transition line. There is a 
very good agreement between the predictions (represented by solid lines) and experimental data. 
Figure 6. (a) A da/dN versus rise-time plot with seven positions marked. (b) The corresponding da/dN versus ¨K plot with the same seven 
positions marked for a rise-time of 5 s. The two plots show the inter-relationship between da/dN, ¨K, and rise-time and allow the prediction of 
plateau crack growth rates. 
Figure 7. Corrosion-fatigue experimental data for X65 for various frequencies [17] and predictions (solid lines) made by the purely synergistic  
model. 
5.5. Correlation between Plateau Crack Growth Rates and Rise-times for other Steels 
The above analysis shows that the plateau crack growth rate corresponds to the crack growth rate for the 
inflection point of a sigmoid at a particular rise-time. Therefore, data from the literature (plateau crack growth rates) 
of similarly cathodically protected steels can be compared with the common transition line for E12018-M2 weld 
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metal (Fig. 8). There is a remarkably good correlation between the literature data and the common transition line 
(where the data span two orders of magnitude for da/dN and three orders of magnitude for rise-time). This suggests 
that, for similarly cathodically protected steels (with strengths in the range of 350–800 MPa), at intermediate ¨K
levels, the same model can be applied to predict their behaviour as for E12018-M2 weld metal. In addition, these 
data are consistent with previous work showing that the microstructure or yield strength (less than 900 MPa) does 
not exert a strong influence on corrosion fatigue of cathodically protected steel in aqueous environments [4,15]. 
The agreement between the predictions based on the weld metal data and data for other steels occurs despite 
other steels having different yield strengths and microstructures, and despite tests being carried out at various R 
ratios. This is not surprising since previous work has shown that yield strengths (350–900 MPa), microstructures, 
and R ratio have little effect on corrosion-fatigue crack growth rates for steels, probably because surface-reaction 
kinetics (hydrogen generation at the crack tip) are not greatly affected by these variables [4,15,18]. 
Figure 8. Plateau crack-growth rate data for various steels versus rise-time [17,19–22] compared with the transition line for E12018-M2 weld 
metal. 
6. Conclusions 
The following conclusions relating to corrosion-fatigue crack growth and the effects of cycle frequency are based 
on experimental observations for cathodically protected E12018-M2 weld metal and comparisons with literature 
data. 
• There was little effect of the yield strength (720–900 MPa) on fatigue crack growth rates (in air and aqueous 
sodium chloride) as found for other steels for yield strengths between 350 MPa and 900 MPa. 
• The effects of cycle frequency (rise-time) on corrosion-fatigue crack growth rates at intermediate ¨K for the weld 
metal were similar to those observed for other steels with strengths less than 900 MPa. 
• Corrosion-fatigue crack growth rates at low cycle frequencies (long rise-times) were about an order of magnitude 
higher than those at high cycle frequencies (where crack growth rates trended towards those for steels in a 
laboratory air environment). 
• Sigmoidal curves could be fitted to the da/dN–rise-time data, with the curves shifted upwards (to higher da/dN 
values) and to the right (longer rise-times) with increasing ¨K, such that (i) the gradient at the inflection points of 
the sigmoidal curves is the same, and (ii) the inflection points all fall on a common transition line. 
• A new model for predicting the effects of rise-time on corrosion-fatigue crack growth rates has been formulated. 
This model is based on purely synergistic interactions between the environment and deformation during loading, 
with the degree of synergism depending on the crack velocity (da/dt) (and surface-reaction kinetics involving the 
generation of hydrogen). 
• The purely synergistic model is consistent with fractographic observations showing that predominately 
transgranular cleavage-like cracking was produced for all the rise-times and ¨K values used. 
• Previously proposed models, such as the ‘superposition’ model, did not properly account for the data. 
M. Knop et al. / Procedia Engineering 2 (2010) 1243–1252 1251
10 M. Knop et al/ Procedia Engineering 00 (2010) 000–000 
• The general shape of da/dN–¨K plots, which exhibit a plateau at intermediate ¨K values, can be explained in 
terms of the purely synergistic model. The corrosion-fatigue plateaux are not related to the plateau velocities 
observed for SCC. 
• The da/dN–¨K plots for a cathodically protected X65 steel, and corrosion-fatigue plateau crack growth rates for a 
number of other cathodically protected steels, are predicted by the purely synergistic model, i.e. based on a 
common transition line for the inflection points of the sigmoidal da/dN–rise-time curves for the weld metal tested 
at different ¨K levels. 
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